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Abstract 
Atomic force microscopy (AFM) is one of the most commonly used scanning probe 
microscopy techniques for nanoscale imaging and characterization of lipid-based particles. 
However, obtaining images of such particles using AFM is still a challenge. The present 
study extends the capabilities of AFM to the characterization of proteoliposomes, a special 
class of liposomes composed of lipids and proteins, mimicking matrix vesicles (MVs) 
involved in the biomineralization process. To this end, proteoliposomes were synthesized, 
composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-
glycero-3-phospho-L-serine (DPPS), with inserted tissue-nonspecific alkaline phosphatase 
(TNAP) and/or annexin V (AnxA5), both characteristic proteins of osteoblast-derived MVs. 
We then aimed to study how TNAP and AnxA5 insertion affects the proteoliposomes’ 
membrane properties and, in turn, interactions with type II collagen, thus mimicking early 
MV activity during biomineralization. AFM images of these proteoliposomes, acquired in 
dynamic mode, revealed the presence of surface protrusions with distinct viscoelasticity, thus 
suggesting that the presence of the proteins induced local changes in membrane fluidity. 
Surface protrusions were measurable in TNAP-proteoliposomes but barely detectable in 
AnxA5-proteoliposomes. More complex surface structures were observed for 
proteoliposomes harboring both TNAP and AnxA5 concomitantly, resulting in a lower 
affinity for type II collagen fibers compared to proteoliposomes harboring AnxA5 alone. The 
present study achieved the topographic analysis of lipid vesicles by direct visualization of 
structural changes, resulting from protein incorporation, without the need for fluorescent 
probes. 
 
Keywords: Atomic force microscopy; proteoliposomes; tissue-nonspecific alkaline 
phosphatase; annexin V; matrix vesicles, collagen. 
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1. Introduction 
 Biomineralization is the process by which hydroxyapatite (HA) crystals are deposited 
onto an extracellular matrix (ECM). The deposition of HA in specific ECM areas is highly 
orchestrated and regulated by the activity of several proteins and lipids in the membrane of 
matrix vesicles (MVs). MVs are structures ranging from 100 to 300 nm in diameter that arise 
from the membrane of hypertrophic chondrocytes, osteoblasts, and odontoblasts and they are 
initial sites for the formation of HA minerals[1-4]. Biomineralization occurs by a sequence of 
physicochemical and biochemical processes. The first step is the deposition of an amorphous 
mineral complex, i.e. the nucleation core (NC), which crystalizes to form HA inside MVs [5-
8]. Concomitantly, MVs bleb out from cell membranes, bind collagen fibrils through specific 
molecular interactions and decompose to release their HA crystals, enabling HA propagation 
onto the collagenous ECM. Although several studies are compatible with this sequence of 
events, it remains unclear how MVs form and how specific proteins and lipids contribute to 
MV anchorage to the collagenous matrix [9].  
Formation of HA inside MVs is accomplished by proteins and lipids involved in Ca
2+
 
and inorganic phosphate (Pi) homeostasis, including tissue-nonspecific alkaline phosphatase 
(TNAP) and annexin V (AnxA5). TNAP is a peripheral membrane enzyme attached to the 
outer membrane of MVs by a glycosyl-phosphatidylinositol (GPI) anchor. It is one of four 
alkaline phosphatase (AP) isozymes found in mammals and is expressed in a variety of 
tissues throughout development [9]. The 3D structure of placental AP [10] suggests 
molecular dimensions for TNAP of 10.1 nm × 5.7 nm and a bi-lobular organization with 65 
kDa subunits and a longitudinal stain-filled groove [10]. TNAP critically controls HA 
deposition during skeletal and dental mineralization through hydrolysis of inorganic 
pyrophosphate (PPi), a potent inhibitor of mineralization [11]. 
Some findings suggest that lipids are involved in bone formation. For example, 
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phospholipids can facilitate cartilage mineralization in the growth plate [5, 8]. DPPC and 
DPPS are two of the main lipids found in MV membranes [4-5, 8], and many studies have 
revealed that they regulate both the calcium entry into the MVs and the formation of HA 
crystals [2-5, 8, 12]. The MVs’ membrane containing phosphatidylserine-rich domains may 
offer an ideal environment for optimal protein-protein and protein-lipid interactions and 
optimal function of AnxA5 in Ca
2+
 influx and cartilage matrix mineralization [12]. 
AnxA5 is an integral membrane protein that forms a hydrophilic pore, having been 
proposed to serve as a selective Ca
2+
-channel in the membrane of MVs [12]. The 3D crystal 
structure of AnxA5, established more than 20 years ago [13] revealed molecular dimensions 
of 6.4 nm × 4 nm × 3 nm for a protein folded into four domains with similar structures and 
dimensions [13]. Each domain consists of five α-helices wound into a right-handed 
superhelix, yielding a globular structure with a diameter of 18 nm [13]. More than any other 
protein involved in biomineralization, AnxA5 significantly accelerates the crystallization of 
the NC and triggers the de novo HA formation inside MVs [5]. Additionally, AnxA5 interacts 
with collagen and this interaction regulates mineralization of growth plate chondrocytes. 
Increased types II and X collagen secretion by chondrocytes in the presence of ascorbate 
results in increased interactions of AnxA5 with collagen fibers, stimulation of AnxA5-
mediated Ca
2+
-influx, enhanced TNAP expression, cell activity and mineralization [14, 15].  
 As a model to mimic natural membranes, proteoliposomes have been produced by 
inserting target proteins within lipid vesicles [16]. Proteoliposomes based on large 
unilamellar vesicles (LUVs, from 50 to 400 nm) are promising systems for drug delivery, 
mainly owing to their size, hydrophobic/hydrophilic properties, biocompatibility, 
biodegradability and low toxicity in the human body [17-21]. During the last decade, these 
biomimetic systems have gained interest as tools for biophysical studies of lipid–protein 
interactions as well as for biotechnological applications [16, 22]. There is an increasing 
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interest in the study and characterization of the structure, geometry, size and physical 
properties of proteoliposomes prepared for medical applications. Spectroscopic techniques 
such as nuclear magnetic resonance (NMR) and electron spin resonance (ESR) [23], and 
calorimetric techniques such as differential scanning calorimetry (DSC) [1, 24] currently 
provide the main source of information about the structure of liposome membrane in the 
presence or absence of proteins. However, these techniques reveal only indirect structural 
information. Fluorescence microscopy is widely used to image membrane structures at the 
nanoscale but it requires the use of fluorescence dyes during vesicle preparation. Confocal 
laser scanning microscopy (CLSM) has been identified as one of the best ways to study 
liposomal architecture, but it also requires fluorescent labeling [25]. Therefore, there is a need 
for high-resolution imaging techniques that work on soft nanosystems with minimal degree of 
perturbation of the system.  
AFM enables morphologic analysis of proteoliposomes at the nanoscale without the 
use of fluorescent dyes. Since 1986, AFM has become a versatile tool in biological sciences 
[26], emerging as a technique that is capable of resolving the molecular details of the cell 
surface under ambient conditions [27-29]. Natural membranes and many biomolecules, 
including proteins and nucleic acids [30, 31], have been imaged by means of AFM [32]. The 
AFM cantilevered-tip can move on top of individual vesicles and provide information about 
the morphology of surface structures at the nanoscale. This technique has also found 
applications in nanobiotechnology, pharmacology, microbiology, structural and molecular 
biology and genetics, providing topographic images of surfaces with spatial resolutions close 
to 1 Å and force-distance curves with a detection limit of around 10
-12
 N [33-36]. AFM leads 
to many advantages over conventional optical and electron microscopes because it does not 
require freezing, metal coating, vacuum and labeling with fluorescent dyes. The resolution of 
AFM is extremely high, often achieving atomic resolution on hard surfaces and molecular 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
6 
 
resolution on soft samples [37]. Nonetheless, AFM has received little attention so far in the 
characterization of liposomes and proteoliposomes. Here, we have used AFM to structurally 
characterize biologically relevant proteoliposomes as mimetic systems of MVs harboring two 
important proteins involved in endochondral ossification, i.e., TNAP and AnxA5. Since in 
MVs, PS can represent from 9.3% [5] to 16.3% [4] of the total lipid composition, we chose 
9:1 DPPC:DPPS (molar ratio) for liposome preparation [8].  
 
2. Materials and methods  
2.1 Materials  
All aqueous solutions were prepared using Millipore® DirectQ ultra-pure apyrogenic 
water. Bovine serum albumin (BSA), tris hydroxymethyl-amino-methane (Tris), sodium 
dodecylsulfate (SDS), p-nitrophenyl phosphate disodium salt (pNPP), dexamethasone, β-
glycerophosphate, polyoxyethylene-9-lauryl ether (polidocanol) and glutaraldehyde (Grade I, 
specially purified for use as an electron microscopy fixative) were obtained from Sigma 
Chemical Co. (St. Louis, MO). Calbiosorb resin was from Merck Chemicals (Darmstadt, 
Germany), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-
glycero-3-phospho-L-serine (DPPS) from Avanti Polar Lipids, Inc. (Alabaster, AL). α-MEM, 
fetal bovine serum, ascorbic acid, gentamicin and Fungizone were from Gibco-Life 
Technologies (Grand Island, NY). All reagents were analytical grade and used without 
further purification. 
 
2.2 Expression of Annexin V  
The plasmid for AnxA5 (pProEx.Htb.annexin V) was kindly provided by Prof. Seamus 
J. Martin (Trinity College Dublin, Ireland). Human AnxA5 cDNA (accession no. 
NM_001154) was amplified from a Jurkat cDNA library through PCR and cloned into the 
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bacterial expression vector pProEx.Htb using the restriction sites BamHI and EcoRI. The 
pProEx.Htb vector contains an ampicillin resistance cassette to enable the selection and 
growth of colonies expressing the pProEx.Htb.annexin V plasmid. Additionally, the vector 
encodes an N-terminal poly-histidine tag, which facilitates protein purification from bacterial 
lysates by using Ni–nitrilotriacetic acid (NTA) agarose [38]. The Trc promoter within the 
pProEx.Htb.annexin V plasmid is under the control of the lacI repressor and can be activated 
by the addition of isopropyl-b-D-thiogalactopyranoside (IPTG) to the bacterial growth 
medium, to induce the expression of recombinant AnxA5 proteins.  
 
2.3 Production of TNAP 
Rat bone marrow cells were prepared and cultured to isolate membrane-bound TNAP 
(0.02 mg/mL of total protein) [39], which was solubilized with 1% polidocanol (10 mg/mL) 
(final concentration) for 1 h with constant stirring at 25°C. After centrifugation at 100,000 × 
g for 1 h, at 4°C, the solubilized enzyme was concentrated as described by Ciancaglini et al. 
[40]. To remove excess detergent, 1 mL of polidocanol-solubilized enzyme (~0.05 mg 
protein/mL) was added to 200 mg of Calbiosorb resin as described by Camolezi et al. [41], 
and the suspension was incubated for 2 h, at 4°C. The supernatant was the source of 
detergent-free, solubilized TNAP. The enzyme was used immediately after detergent removal 
to avoid aggregation.  
 
2.4 Liposome preparation 
DPPC, DPPS and DPPC:DPPS with a molar ratio of 9:1 were dissolved in chloroform 
and dried under a nitrogen flow. The resulting lipid film was kept under vacuum overnight 
and resuspended in 50 mmol/L Tris-HCl buffer, pH 7.5, containing 2 mmol/L MgCl2, to yield 
a final solution with 1.5 mg/mL of lipids. The mixture was incubated for 1 h at 70°C and 
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vortexed at 10 min intervals. LUVs were prepared by extruding the suspension through 100-
nm polycarbonate membranes in a LiposoFast extrusion system (LiposoFast, Sigma-Aldrich). 
LUVs were prepared and used on the same day [1, 24]. 
 
2.5 Proteoliposome preparation  
TNAP (0.02 mg/mL) and AnxA5 (0.2 mg/mL) were incorporated into 9:1 DPPC:DPPS 
liposomes dispersed in a 50 mmol/L Tris-HCl buffer, pH 7.5, containing 2 mmol/L MgCl2 by 
direct insertion in a 1:15,000 and 1:100 protein:lipid ratio, respectively. The mixture was 
incubated overnight at 25°C and, then, ultracentrifuged at 100,000 × g for 1 h, at 4°C. The 
pellet containing proteoliposomes was resuspended in an appropriate volume of the same 
buffer. The p-NPPase activity of both pellet and supernatant were measured to determine the 
percentage of TNAP incorporation into liposomes [1]. To quantify the amount of each protein 
incorporated into proteoliposomes harboring both TNAP and AnxA5, we treated the 
proteoliposomes with PIPLC [8] and recovered TNAP after ultracentrifugation in the 
supernatant and AnxA5 in the pellet. The protein concentration was estimated as described by 
Hartree [42] in the presence of 2% SDS (0.2 g/mL). Bovine serum albumin was used as a 
standard. The protein quantifications revealed that TNAP and AnxA5 represented 25% and 
75%, respectively, of the total protein incorporated into the proteoliposomes, regardless of 
the presence of DPPS. 
 
2.6 Dynamic light scattering measurement (DLS) 
Liposome and proteoliposome size distributions were determined by dynamic light 
scattering (DLS) using a N5 Submicron Particle Size Analyzer (Beckman Coulter, Inc., 
Fullerton, CA) with a 25 mW HeNe laser with fixed scattering angle of 90 as light source. 
Samples (prepared under the same conditions as described in 2.4 and 2.5 sections) were 
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filtered through 0.8 μm-pore size Millipore® membranes five times before DLS 
measurements. The average liposome diameters were measured at 25°C by taking the 
unimodal distribution [1, 24].  
 
2.7 Atomic force microscopy analysis (AFM) 
AFM can operate in two modes that differ in the way the tip moves over and interacts 
with the sample, i.e., static (or contact) mode and dynamic mode, also known as tapping or 
intermittent contact mode. In contact mode, the cantilevered-tip is continuously in contact 
with the sample and is deflected by topographic changes. In dynamic mode, a cantilevered-tip 
vibrating close to its resonant frequency scans the sample and the changes in the amplitude 
and phase of tip oscillations are recorded to gather information about sample topography and 
viscoelasticity, respectively. The dynamic mode is advantageous for imaging biological 
specimens because it diminishes the contact interval between the cantilevered-tip and the 
sample, thus avoiding changes induced by lateral forces [25, 43, 44]. 
Liposome and proteoliposome samples (prepared under the same conditions as 
described in 2.4 and 2.5 sections) were filtered through 0.8 μm-pore size Millipore® 
membranes and stabilized by adding 1:1 (v/v) glutaraldehyde (~5% final concentration) to 
avoid vesicle deformation and disruption. The mixtures were homogenized, and then 5 µL of 
the sample was dropped onto freshly cleaved mica substrates, left to dry at room temperature 
and imaged by AFM. AFM micrographs were obtained by means of a Shimadzu SPM-9600 
Scanning Probe Microscopy (Shimadzu Corporation, Japan) operating in dynamic mode. 
Scanning was performed in air at 25°C by using silicon probes with a resonance frequency 
ranging from 324 to 369 kHz (Nanosensors™, Switzerland). The scan rate was set at 0.2 – 
0.3 Hz to prevent tip-induced vesicle deformations and/or damages. The values of the spring 
constants of the cantilevers were approximately 38  8 N/m and the values of their resonance 
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frequencies were approximately 336  67 kHz. The roughness values were determined by 
SPM Offline software, from Shimadzu. It has been reported the best results obtained from 3 
different experiments with distinct samples. For each analysis, N=100 vesicles were 
analyzed. 
 
2.8 Collagen-coated microliter plates   
First, type II collagen from bovine nasal septum was dissolved in 50 mM CH3COOH 
at a concentration of 1.0 mg/mL and stirred for 1 h. Next, the collagen solution was diluted to 
a final concentration of 125 µg/mL in 50 mM CH3COOH. Fifty (50) microliters of collagen 
solution were mixed with 200 µL of 50 mmol/L Tris-HCl buffer, pH 7.5, containing 2 
mmol/L MgCl2 and added to each well of a 96 wells microplate. The plate was kept covered 
overnight at 4 °C, emptied and blocked with the same buffer containing 1% BSA (250 
µL/well) for 1 h at room temperature. Finally, the plate was washed 3 times with the same 
buffer without BSA and immediately used to perform binding assays between 
proteoliposomes and collagen.  
 
2.9 Analysis of binding between proteoliposomes and coated collagen 
Proteoliposomes composed by 9:1 DPPC:DPPS (molar ratio) prepared under the same 
conditions as described in 2.5 section were labeled with Rhodamine 6G (0.2% mol) and used 
to assess the interaction between proteoliposomes and collagen fibers. The wells of a 
collagen-coated plate were filled with 300 µL of proteoliposome solutions (1.5 mg/mL) and 
gently shaken in the dark for 2 h at 25 C. The wells were emptied and washed with 50 
mmol/L Tris-HCl buffer, pH 7.5, containing 2 mmol/L MgCl2. The binding measurements 
were performed in an IN Cell 2000 Analyzer (GE Healthcare Life Sciences, Chicago, Illinois, 
US), after quantitative image analysis of bound fluorescence via Image J.  
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Liposomes (vesicles without protein incorporated) were used as control in the binding 
assays with collagen. The binding values obtained for liposomes were subtracted from the 
values obtained for proteoliposomes in order to obtain information about the role of the 
proteins in the ability of proteoliposomes to bind collagen. 
 
3. Results  
3.1 AFM analysis of liposomes  
AFM 3D topographic images of DPPC liposomes (Figure 1A) revealed spherical-like 
particles with a smooth and homogeneous surface. Next, we imaged liposomes based on a 9:1 
DPPC:DPPS (molar ratio) mixture (Figure 1B), to evaluate the influence of negatively 
charged DPPS lipids on the morphology of DPPC liposomes. AFM 3D topographic images 
showed that these vesicles were also spherical but with a rougher surface than DPPC 
liposomes (Table 1 and Figure 1B). AFM topographic profiles showed that DPPC and 9:1 
DPPC:DPPS liposomes had an average diameter of 204.2 nm and 346.4 nm, respectively 
(Table 1). All particles were stabilized with glutaraldehyde before being dropped onto mica 
substrates in order to avoid changes in the organization of vesicle membranes during 
imaging. In order to confirm that glutaraldehyde treatment did not affect the vesicles’ 
physical properties, the phase transition temperatures (Tc) of the LUVs membranes 
constituted by DPPC (1.5 mg/mL) with gradual increasing of glutaraldehyde (GA) were 
studied by means of differential scanning calorimetry (DSC). The gradual increase of GA 
into DPPC-liposomes (from 1% to 10%, v/v) did not provided significantly changes in the 
behavior of DSC curves, i.e. there is neither displacement of the main transition temperature 
peak nor loss of the pre-transition (Supplementary material, Figure S1). It was observed only 
a slight broadening of the transition peaks, small decreasing of ∆t1/2 values, promoting a 
small decrease in enthalpy values (∆H) without significantly altering the Tc values 
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(Supplementary material, Table S1).  
 
3.2 AFM analysis of proteoliposomes 
AFM images of TNAP-containing 9:1 DPPC:DPPS proteoliposomes are shown in 
Figure 2. Topographic images showed the presence of surface protrusions (Figures 2B and 
2D), which matched spots with lower phase angle shift values in phase images (Figure 2A). 
These protrusions formed by TNAP (Figure 2C) on the surface of liposomes had a diameter 
of 58.2 ± 3.8 nm and a height of 0.98 ± 0.26 nm (N=100).  
Insertion of AnxA5 into 9:1 DPPC:DPPS liposomes led to the formation of surface 
protrusions more homogeneously distributed than those formed by the addition of TNAP 
(Figure 3A and 3D). The protrusions formed by AnxA5 (Figure 3B and 3C) on the surface of 
liposomes were less evident (height < 0.5 nm, Figure 3E) than those formed by TNAP 
(Figure 2E), thus, the accurate measurement of their height was not possible. 
Proteoliposomes produced by adding both AnxA5 and TNAP to 9:1 DPPC:DPPS liposomes 
exhibited on their surface clusters of protrusions larger (size) than those observed on the 
surface of proteoliposomes harboring AnxA5 or TNAP alone (Figure 4A, 4B and 4D). 
Topographical images (4C and 4E) also show height of domains formed by both proteins in 
the surface of liposomes.  
The values of proteoliposomes diameter obtained by AFM were considerable higher 
than those obtained by DLS measurements (Table 1). Proteoliposomes harboring TNAP and 
AnxA5 (alone or concomitantly) showed a roughness that was lower than that of 9:1 
DPPC:DPPS liposomes but greater than that of DPPC liposomes (Table 1).  
 
3.3 Binding affinity analysis between proteoliposomes and collagen matrix 
For this study, we used 9:1 DPPC:DPPS proteoliposomes harboring AnxA5, and/or 
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TNAP. These proteoliposomes were labelled with rhodamine and incubated with type II 
collagen-coated substrates. Proteoliposomes bound the collagen matrix with different affinity. 
Vesicles harboring AnxA5 showed the highest affinity for type II collagen with 74% binding, 
whereas those harboring TNAP and both AnxA5 and TNAP showed relative binding 
affinities of approximately 20% and 30%, respectively (Figure 5).  
 
4. Discussion 
4.1 Advantages of using AFM phase imaging 
Liposomes and proteoliposomes are soft samples and can be deformed by the forces 
applied during AFM imaging in contact mode. Moreover, these vesicles adhere weakly to the 
substrate and can be easily displaced or destroyed by the lateral forces that arise during 
scanning if the cantilevered-tip interacts with the sample for a sufficiently prolonged time. 
Although the disruptive effect of AFM cantilevered-tips during scanning cannot be 
completely avoided, the AFM dynamic mode was chosen to image our samples [29, 45-47]. 
In dynamic mode, AFM enables to record phase images by monitoring the shift between the 
phase angle of the cantilever oscillations relatively to that of the drive signal. When the 
cantilevered-tip comes close enough to the sample surface, the interaction between the tip and 
the sample leads to a shift in the phase angle of the cantilever oscillations. This change in the 
phase angle of cantilever oscillations is related to the viscoelasticity of the sample. Thus, 
phase imaging allows to expand sample analysis over the simple topography and to reveal 
differences in surface viscosity, elasticity and viscoelasticity, as the tip experiences different 
adhesive/repulsive interactions while scanning the sample [45, 48-53].  
Since proteins and lipids have different physical properties, the presence of proteins 
within lipid membranes can be detected as surface regions with distinct phase angle shifts in 
AFM phase images, thus enabling the mapping of single proteins as well as protein 
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aggregates on lipid membranes. The way in which proteins organize within and/or onto 
biomaterials strongly affects their interactions with cells and bacteria. Thus, a precise 3-
dimensional characterization of surface features at the nanoscale is crucial for understanding 
the biological responses of nanostructured biomaterials [45, 54, 55]. 
 
4.2 Advantages and disadvantages of using fixation methods in AFM experiments imaging 
liposomes and proteoliposomes. 
Several investigators have attempted to better understand the interactions between 
proteins and lipids by using mimetic biomembranes. These model systems enable detailed 
analyses of how lipids influence the structure and dynamics of proteins and, conversely, how 
proteins affect the behavior of lipid bilayers [13]. The literature contains numerous AFM-
based studies on lipid-lipid, lipid-peptide and peptide-peptide interactions, which have 
provided fundamental insights, impossibly provided by other techniques [56-58]. Most of 
these studies reported analysis at the nanoscale of microdomain structures on supported 
bilayers (SBLs) formed by vesicle fusion at high temperature, followed by deposition on a 
flat surface. Although this methodology allows the observation of microdomains, it leads to a 
high degree of perturbation, causing vesicles to lose their original spherical shape [56-58]. 
Our approach enabled to assess lipid-protein interactions on intact vesicles. This new 
approach is based on a technique similar to that of cell fixation performed to assess cell 
morphology through light or electron microscopy. Cell fixation is mostly carried out using 
alcohols and aldehydes, however fixation based on aldehydes performs better than that based 
on alcohols, since aldehydes cross-link biomacromolecules on cell membrane while 
maintaining the integrity of the membrane [59]. Fixation based on glutaraldehyde enabled to 
observe the ultrastructure of bacteria cell membrane [60]. Once liposomes and 
proteoliposomes are soft samples and can be pierced by the sharp tip at the end of the AFM 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
15 
 
cantilever, we have used glutaraldehyde to embed the vesicles into a polymeric shell. Our 
data showed that glutaraldehyde treatment protected the vesicles from rupture while drying 
on mica substrates, did not affect the vesicles’ physical properties (e.g., roughness, fluidity 
and Supplementary results) and prevented damages to vesicles during raster scanning. 
Hollmann  et al. [61], who have shown absence of changes in the liposome surface properties 
after glutaraldehyde treatment by zeta potential, also validated our findings. However, our 
approach, based on glutaraldehyde-coated vesicles imaged by an AFM probe raster scanning 
the sample in air, suffers from some weaknesses. First, vesicles partially lost their spherical 
shape while drying onto mica substrates and acquired an oblate spheroid shape, thus leading 
to diameter values obtained by AFM analysis greater than those obtained by means of DLS. 
Additionally, the drying process, which is necessary to perform AFM measurements in air, 
could have led to a partial rearrangement of proteins and lipids on the vesicles’ surface. In 
order to avoid these phenomena and validate our approach, analyses of liposomes and 
proteoliposomes in a hydrated state are warranted. The analysis of vesicles in a hydrated state 
will necessitate to raster scan the sample by means of an AFM probe immersed in liquid, 
which may slightly decrease the sensitivity of the microscope and make difficult to visualize 
fine details of vesicle membrane surface. Additionally, the presence of the liquid in the 
measurement chamber may drag away the vesicles from the substrate, thus requesting to 
stably anchor the vesicles on the mica substrate by means of strong interactions between 
moieties protruding from the vesicles’ surface and functional groups conjugated to the 
substrate. The development of an approach aimed at analyzing vesicles in a hydrated state by 
means of AFM is ongoing and will be the subject of future publications. 
 
4.3 Liposomes characterization by AFM 
Our results with DPPC liposomes showed spherical-like particles with a smooth 
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surface, suggesting that sample preparation and AFM scanning did not disrupt the vesicles. 
Three-dimensional topographic images showed that the particles had a homogeneous surface, 
as expected for one-lipid component liposomes and no lipid phase transitions. The small 
distortion of the spherical shape can be explained by considering that the drying procedure 
may have caused a certain degree of flattening and/or distortion in the particles’ diameter 
[29]. Indeed, the interaction between the liposomes and the substrate, as well as the 
movement of the cantilevered-tip over the particles, can induce deformations [62] depending 
mainly on vesicle composition [63].   
Liposomes based on a 9:1 DPPC:DPPS (molar ratio) also showed topographic images 
with spherical vesicles but with a rougher surface than DPPC liposomes. Similar results were 
described previously using freeze-fracture electron microscopy and spin-label data by Luna 
and McConnell [64]. The AFM cantilevered-tip did not cause significant sample distortions 
during imaging, as the trace and retrace images were almost identical (data not shown). The 
diameter of the liposomes calculated by AFM was higher than that recorded by DLS in 
solution. Differences between liposome diameter measured by AFM and DLS were also 
reported by Mao et al. [65] and Ruozi et al. [48, 66] and can be explained by vesicle 
flattening due to the interaction with the substrate surface. Besides that, when compared 
differences in size measurements between different analytical tools, it is also important to 
consider the preparation methodology, polydispersity and structural properties of the samples. 
 
4.4 Proteoliposomes characterization by AFM 
AFM images of TNAP-containing 9:1 DPPC:DPPS proteoliposomes showed the 
presence of regions protruding from the surface (Figures 2B and 2D), and having phase angle 
shift values lower than those of other regions of the proteoliposomes’ surface (Figure 2A). 
Using AFM in moderate/soft tapping mode, spots with higher (resp. lower) phase angle shift 
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values in AFM phase images correspond to regions with a higher (resp. lower) stiffness 
values [67, 68]. Thus, our findings illustrate the existence of TNAP-rich (or TNAP-induced) 
regions on the surface of TNAP-containing 9:1 DPPC:DPPS proteoliposomes with lower 
stiffness (higher fluidity) with respect to regions of the membrane composed exclusively by 
lipids.  
Insertion of AnxA5 into 9:1 DPPC:DPPS liposomes also led to the formation of 
surface protrusions but more homogeneously distributed and less evident than those formed 
by the addition of TNAP (Figure 3). Proteoliposomes composed by 9:1 DPPC:DPPS and 
harboring both AnxA5 and TNAP concomitantly exhibited larger (size) and more clustered 
protrusions than those observed on the surface of proteoliposomes harboring AnxA5 or 
TNAP alone. Phase imaging revealed that these protrusions were formed by an annular 
region with low phase angle shift values surrounding a central region with greater phase 
angle shift values (Figure 4B). This result suggests that, when AnxA5 and TNAP are 
simultaneously present within a lipid membrane, they organize themselves in more complex 
geometries, suggestive of mutual interactions between both proteins in the lipid membrane. 
Thus, future studies by means of others methodologies (e.g. immunofluorescence) will be 
necessary in order to elucidate if the proteins are co-localized in segregated regions with 
specific fluidity and charge. 
Proteoliposomes diameter obtained by AFM were considerable higher than those 
obtained by DLS measurements, suggesting a flattening effect caused during the 
measurements by means of AFM, as observed for liposomes measurements. 
TNAP act as enzyme dimers with a molecular weight twice that of the monomer, i.e. 
around 130 kDa [9]. Taking into account that APs are extracellular enzymes, inserted into 
cell membranes exclusively via a C-terminal GPI-anchor [69], our findings suggest that the 
observed surface protrusions corresponded to individual TNAP dimers, further organized into 
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larger structures, such as GPI-anchor controlled tetramers [9]. In contrast, AnxA5 has a 
transmembrane organization and the phosphatidylserine-rich bilayers can induce the 
formation of hexameric structures [12].   
Wang et al. [70] studied the role of bound charged nanoparticles on the fluidity of 
liposome membranes by fluorescence microscopy and calorimetry. They found that 
negatively charged nanoparticles induced the gelation of a fluid area, whereas positively 
charged nanoparticles had the opposite effect. Additionally, the change in fluidity was 
independent of lipid composition, liposome size or nanoparticle size, but did depend on the 
charge density and location on nanoparticle surface. In our study, AFM images obtained in 
dynamic mode enabled the identification of differences in fluidity among distinct regions of 
the liposome surface. Considering that protein molecules are naturally charged nanoparticles, 
when proteins are incorporated within supported lipid bilayers or liposome membranes, it is 
possible to identify the charge density of exposed protein moieties by changes in local 
membrane fluidity measured via variations in phase angle shift in AFM images (Figure 4). 
According to Wang et al. [70], the charges of AnxA5 and TNAP inserted within the 
proteoliposomes membrane lead to changes in the local fluidity of the lipid bilayer (Figure 
4B). Since we used AFM in moderate/soft tapping mode to scan our samples, stiffer (less 
fluid) regions exhibited higher phase angles shifts with respect to softer (more fluid) regions, 
that is, less fluid regions appeared brighter than more fluid ones in phase images. A dark 
annular region surrounded the vesicles in AFM phase images in Figure 4, when both TNAP 
and AnxA5 were simultaneously inserted, suggesting that positive charges clustered around 
the proteoliposomes upon vesicle deposition onto mica substrates. This phenomenon was 
probably caused by the negative charge of the substrate. In this regard, silica surface may 
have selectively recruited AnxA5 and TNAP, triggering the dark annular distribution, 
indicating that AnxA5 and TNAP were co-localized. However, only few small dark spots 
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appeared on the surface of vesicles in phase images of proteoliposomes harboring AnxA5 
(Figure 3), suggesting that the presence of protein charge within the membrane induced only 
slight decrease in local lipid fluidity. Alternatively, the dark spots could be interpreted as the 
proteins themselves, which had different viscoelastic properties, respective to the lipid 
membrane. Since the dark spots in phase images matched protrusions in topographical 
images, the last hypothesis seems the most plausible. Additionally, AnxA5 protrudes much 
less from the surface, as presently confirmed via AFM, in addition being more 
homogeneously distributed over the vesicles’ surface. The small height (<0.5 nm) of these 
protrusions is compatible with the hypothesis of transmembrane channel formation by 
AnxA5. Thus, we conclude that only a small portion of the AnxA5 molecule protruded from 
the lipid bilayer, resulting in membrane regions having slightly greater height and lower 
fluidity than portions of membrane devoid of proteins.  
Similar observations can be made for proteoliposomes harboring TNAP (Figure 2). 
However, TNAP is a peripheral GPI-anchored protein, thus it induces higher and larger 
protrusions on the proteoliposomes’ surface than those generated by AnxA5 as observed by 
3D topographic profiles (Figures 2D and 3D, respectively). 
The different roughness values observed for proteoliposomes harboring TNAP and 
AnxA5 (alone or concomitantly) suggest that negative charges of 9:1 DPPC:DPPS liposomes 
did not uniformly distribute on the surface of vesicles in the presence of proteins. We 
hypothesize that negatively charged DPPS are clustered around protein domains, thus 
decreasing the average roughness of the vesicles’ surface. AnxA5 has high affinity for PS. 
The driving force for MV mineralization is a NC composed by amorphous calcium phosphate 
(ACP) complexed with PS, to form calcium–phosphate–lipid (PS-ACP) complexes, and by 
AnxA5, the principal lipid-dependent Ca
2+
-binding protein in MVs. More than any other 
protein present in the membrane of MVs, AnxA5 greatly accelerates NC activity by binding 
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to PS-ACP complexes and trigger the de novo formation of calcium phosphate minerals 
inside MVs [5]. Previous data also suggest that negatively charged lipids cluster around 
TNAP molecules inserted in proteoliposomes and influence hydrolysis of different TNAP 
substrates, with a higher effect on PPi relatively to other substrates [8]. Thus, the lipid charge 
plays a crucial role in the interaction of proteins with lipids and affects their catalytic activity. 
 
4.5 Proteoliposomes binding affinity to collagen matrix 
DPPC and 9:1 DPPC:DPPS proteoliposomes harboring AnxA5, TNAP, or both 
TNAP and AnxA5 have been previously studied by our research group [8]. The enzymatic 
activity, Ca
2+
 uptake and phase contrast microscopy of giant proteoliposomes validated the 
functional incorporation of both proteins in MV biomimetic membranes. AnxA5 mediated 
Ca
2+
-influx into both DPPC and 9:1 DPPC:DPPS proteoliposomes at physiological Ca
2+
 
concentrations and this process was not affected by the presence of TNAP. However, the 
presence of AnxA5 and DPPS significantly affected the hydrolysis of TNAP substrates [8]. 
Binding affinity assay were performed in order to evaluate if the presence of TNAP 
within the membrane of proteoliposomes alters the interaction of vesicles harboring AnxA5 
with collagen fibers. Proteoliposomes bound to the collagen matrix with different affinities. 
These results clearly showed that AnxA5 on proteoliposomes has an affinity for type II 
collagen fibers greater than that of TNAP on similar vesicles. Surprisingly, the presence of 
both proteins on the same vesicle strongly affected the role of AnxA5 during binding. This 
effect can be related to the different structure of the surface protrusions formed by insertion 
of AnxA5, when combined with TNAP, as shown by the AFM images (Figure 4). These 
images suggest that, when both AnxA5 and TNAP are inserted in vesicle membranes, they 
cluster to form annular regions with high fluidity (dark annular spots), which surround 
regions with lower fluidity (bright spots). The central regions with lower fluidity had 
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probably a high concentration of negatively charged lipids, which was the driving force for 
the formation of the annular protein-rich region. A similar cluster of negatively charged 
lipids, a “lipid annulus”, would be expected to also surround the regions with high fluidity, 
however the sensitivity of our instrument was not sufficient to resolve this region [71, 72]. 
This organization caused by the insertion of AnxA5 and TNAP in the lipid bilayer may lead 
to steric impediment for the interaction of AnxA5 with collagen fibers. Further investigations 
about the spatial disposition of TNAP and AnxA5 within lipid membranes are warranted. 
 
5. Conclusions  
AFM is a very suitable technique to identify proteins on vesicle surfaces due to its 
ability to detect differences in membrane viscoelasticity. To the best of our knowledge, AFM 
studies on proteoliposomes as those presented here have not been previously reported. 
Although AFM has been used to analyze membranes, these analyses were mostly performed 
using supported lipid bilayers [43, 44, 70], i.e. only few studies have used intact liposomes 
[25, 66, 73]. In the present study, we have applied AFM to obtain topographic and phase 
images of intact proteoliposomes composed by DPPC and 9:1 DPPC:DPPS, harboring 
AnxA5, TNAP or both. Intact vesicles could be imaged without the need for fluorescent dyes, 
vesicle fusion and deposition on supported bilayers. Phase images of proteoliposomes 
evidenced the possibility to identify proteins on the surface of 9:1 DPPC:DPPS liposomes 
and indicate the existence of regions with different chemical compositions formed by proteins 
or induced by the presence of proteins in the lipid bilayer. In a previous study, the insertion of 
TNAP and AnxA5 into proteoliposomes membranes generated a phospholipid 
microenvironment that enabled us to study the kinetics of phospho-substrate catabolism in a 
setting mimicking the native MV microenvironment [8]. The present AFM study provides 
basic yet crucial information about the structure of lipid-protein microdomains on the surface 
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of MVs that other microscopy techniques could not have provided. Since our experimental 
approach can provide information on specific regions on more complex protein-containing 
lipid vesicles, it can be exploited to shed the light on processes involving lateral 
heterogeneity on cellular membranes, including domain-induced budding and possibly MV 
formation, both of which are considered critical for the biomineralization process [5, 74].  
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Tables  
 
Table 1: Biophysical characterization of liposomes and proteoliposomes constituted by DPPC and 9:1 
DPPC:DPPS (molar ratio) carrying AnxA5, TNAP or TNAP+AnxA5 by DLS and AFM techniques. 
* Liposome / ** 
Proteoliposome 
(lipid/protein composition) 
DLS AFM 
Diameter 
(nm) 
PI 
Diameter  
(nm) 
Height 
(nm) 
Volume 
x10
6
 
(nm
3
) 
Roughness 
(nm) 
* DPPC 
111.0 ± 0.1 0.063 ± 
0.015 
204.2 ± 
58.5 
24.9 ± 
4.4 
0.4 ± 0.2  5.3 ± 2.1 
* 9:1 DPPC:DPPS 
107.7 ± 0.4 0.056 ± 
0.040 
346.4 ± 
94.3 
70.2 ± 
15.2 
4.5 ± 3.0 14.9 ± 6.9 
** 9:1 DPPC:DPPS - AnxA5 
125.2 ± 
31.9 
0.462 ± 
0.457 
357.2 ± 
101.0 
35.5 ± 
7.6 
2.4 ± 1.7 10.5 ± 3.2 
** 9:1 DPPC:DPPS -TNAP 
124.1 ± 
19.5 
0.266 ± 
0.133 
531.2 ± 
161.3 
26.3 ± 
3.9 
3.6 ± 3.3  5.2 ± 1.6 
** 9:1 DPPC:DPPS -
TNAP+AnxA5 
158.5 ± 
33.7 
0.307 ± 
0.388 
489.8 ± 
141.2 
36.3 ± 
8.9 
4.5 ± 3.1 9.5 ± 4.9 
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Figure Legends 
Figure 1. 3D topographic AFM images of liposomes (1.5 mg.mL
-1
) samples composed by 
(A) DPPC (1000.00 x 1000.00 nm and y axis from 0 to 30.79 nm scales) and (B) 9:1 
DPPC:DPPS (molar ratio) (1000.00 x 1000.00 nm and y axis from 0 to 84.50 nm scales). 
 
 
Figure 2. AFM images of 9:1 DPPC:DPPS proteoliposomes (0.75 mg.mL
-1
) containing 
TNAP: (A) phase image; (B) 2D topographic profile; (C) Height analysis of domains formed 
by TNAP insertion on the surface of liposomes (graphics obtained from line 4); (D) 3D 
topographic profile and (E) zoomed detail at the surface of only one vesicle (472.03 x 472.03 
nm and y axis from 0 to 28.96 nm scales). 
 
 
Figure 3. AFM images in phase mode of 9:1 DPPC:DPPS proteoliposomes (0.75 mg.mL
-1
) 
containing AnxA5: (A) phase image; (B) 2D topographic profile; (C) Height analysis of 
domains formed by AnxA5 on the surface of liposomes (first graphic obtained from line 4 
and second graphic obtained from line 8); (D) 3D topographic profile and (E) zoomed detail 
at the surface of only one vesicle (312.50 x 312.50 nm and y axis from 0 to 34.67 nm scales). 
 
 
Figure 4. AFM images of 9:1 DPPC:DPPS proteoliposomes (0.75 mg.mL
-1
) containing 
AnxA5 + TNAP: (A) phase image with 2.0 µm scale bar; (B) phase image with 500 nm scale 
bar; (C) 2D topographic profile; (D) 3D topographic surface profile of only one vesicle (1.25 
x 1.25 m and y axis from 0 to 21.92 nm scales) and (E) Height analysis of domains formed 
by both proteins in the surface of liposomes (graphic obtained from line 3). 
 
 
Figure 5: Effect of AnxA5, TNAP and AnxA5+TNAP on the binding percentage of 9:1 
DPPC:DPPS-proteoliposome to type II collagen matrix, by fluorescence microscopy. The 
vesicles (450 µg/mL, lipid concentration incubated) were labeled with Rhodamine 6G (0.2% 
mol) and the analysis as described in Material and Methods: White bar proteoliposomes 
harboring A5; Black bar proteoliposomes harboring TNAP and Striped bar proteoliposomes 
harboring TNAP+AnxA5. The asterisks indicate significant differences (p<0.001). 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
31 
 
 
 
 
Figure 1 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
32 
 
 
 
 
Figure 2 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
33 
 
 
 
 
Figure 3 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
34 
 
 
 
 
Figure 4 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
35 
 
 
 
 
Figure 5 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
36 
 
 
 
 
Graphical abstract 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
37 
 
 
Highlights  
 AFM analysis suggested that proteins can induced local changes in membrane fluidity  
 Phase images evidenced the possibility to identify proteins on the liposomes surface  
 Distinct proteins induce the microdomains formation with distinct morphologies  
 Proteoliposomes harboring AnxA5 showed the highest affinity for type II collagen  
 TNAP presence may lead to steric impediment for AnxA5 interaction to collagen 
fibers  
